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Quaternary tellurite glass systems in the form 75TeO2–15ZnO–(10x) Nb2O5–xGd2O3 (x¼0.5, 1.0, 1.5, 2.0 and 2.5 mol%) have been
prepared by the melt quenching technique. Density, molar volume and oxygen packing density of every glass composition have been measured
and calculated. Differential thermal analyses (DTA) have been carried out on the prepared glass systems in the temperature range 300–800 K at
heating rate 5, 10, 15, and 20 1C/min. The glass transition, Tg and crystallization, Tc temperatures values were measured by using DTA. Kinetics
parameters like activation energy of relaxation structure Et, activation energy of crystallization, Ec and order of crystallization have been
calculated for every glass composition. Structural parameters like number of bonds per unit volume (nb) and average stretching force constant ðFÞ
have been calculated to interpret the experimental data.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Growing attention has been paid to tellurite-based glasses
due to the promising materials for technological applications
due to its unique physical properties [1–14]. Heavy metal
oxide (ZnO) has been used as potentially promising compo-
nent materials for tellurite-based ﬁbers [1]. Fabrication and up
conversion luminescence of Er3þ /Yb3þco-doped TeO2–WO3–
Na2O–Nb2O5–Al2O3 glass ﬁbers had been achieved [13]. Rare
work has been focused on gadoliniumoxide in glass [14].
Hence, the glass tellurite–zinc–niobium–gadolinium TZNG
needs to synthesize and characterize elastically and thermo-
dynamically in order to provide scientiﬁc data for future
industrial applications.
The objectives of the present study are to synthesize and
characterize the properties of TZNG glass in the form 75TeO2–
15ZnO–(10x)Nb2O5–xGd2O3 (x¼0.5, 1.0, 1.5, 2.0 and
2.5 mol%). Differential thermal analyses (DTA) have been
carried out on the prepared glass systems in the temperature10.1016/j.ceramint.2014.04.036
14 The Authors. Published by Elsevier Ltd. This is an open acces
mmons.org/licenses/by-nc-nd/3.0/).
g author.
ss: Elkhoshkhany@alexu.edu.eg (N. Elkhoshkhany).range 300–800 K at heating rate 5, 10, 15, and 20 1C/min to
ﬁnd the kinetics parameters. Density, molar volume, oxygen
packing density, number of bonds per unit volume and average
stretching force constant have been calculated for every glass
composition.
2. Experimental work
Quaternary tellurite glass systems in the form 75TeO2–
15ZnO–(10x)Nb2O5–xGd2O3 (x¼0.0, 0.5,1.0,1.5, 2.0 and
2.5 mol%) have been prepared by the melt quenching techni-
que of tellurium(II) oxide (TeO2, 99.99% purity, Loba),
niobium(V) oxide (Nb2O5, 99.99% purity, Aldrich), zinc oxide
(ZnO, 99.999% purity, Aldrich ) and gadolinium (III) oxide
(Gd2O3,99.9% purity, Aldrich). Powders of oxides were
weighted to get the required composition and ground in a
mortar with a pestle for 1 h to obtain homogeneous mixtures.
Each batch was then transferred to a platinum crucible and
melted at 800–950 1C in the melting furnace. The melt
was held at this temperature for 30 min until a bubble-free liquid
was formed. The melt was stirred to achieve desirable homo-
geneity. The homogeneous melt was quenched by pouring it ontos article under the CC BY-NC-ND license
Table 1
Density, molar volume and oxygen packing density of the quaternary TeO2–ZnO–Nb2O5–Gd2O3 glassy samples.
Sample ρ (g/cm3) V (cm3/mol) OPD (g atm/L)
TZNG1(75TeO2–15ZnO–10 Nb2O5) 5.168 30.67 70.11
TZNG2(75TeO2–15ZnO–9.5Nb2O5–0.5Gd2O3) 5.254 30.26 70.73
TZNG3(75TeO2–15ZnO–9Nb2O5–1Gd2O3) 5.349 29.81 71.45
TZNG4(75TeO2–15ZnO–8.5Nb2O5–1.5Gd2O3) 5.51 29.03 73.03
TZNG5(75TeO2–15ZnO–8Nb2O5–2Gd2O3) 5.582 28.74 73.42
TZNG6(75TeO2–15ZnO–7.5Nb2O5–2.5Gd2O3) 5.788 27.80 75.54
TZNG1 TZNG6
TZNG2 TZNG5
TZNG3 TZNG4
Fig. 1. Shape of the prepared quaternary tellurite glass TeO2–ZnO–Nb2O5–Gd2O3.
Fig. 2. X-ray identiﬁcation for the prepared quaternary tellurite glassTeO2–
ZnO–Nb2O5–Gd2O3.
Fig. 3. Variation of density, molar volume and OPD with Gd2O3 (mol%) for
Quaternary tellurite glass TeO2–ZnO–Nb2O5–Gd2O3.
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The glasses were annealed for 1 h at 300–350 1C to release the
mechanical strains. The vitreous state was examined by X-ray
using a diffract meter (Philips  “Per-PW 1140/90).
The prepared samples were polished by a lapping machine
with 600 grade and soft ﬁne Al2O3 powder. Opposite faces
were ﬁnished optically ﬂat and parallel with a high mirror-like
surface. The compositions of the glass samples in the present
study are given in Table 1. The room temperature density (ρ)
of the samples was determined by the Archimedes principle by
using toluene. The molar volume of the glass samples (Vm)
was calculated using the following equation:
Vm ¼Mglass=ρglassðcm3Þ ð1ÞMglass ¼ f75MTeO2 þ15MZnOþð10xÞMNb2O5 þxMGd2O3g=ð100Þ
ð2Þ
where Mglass and ρglass are the mass and density of the glass
sample respectively. The oxygen packing density (OPD) was
calculated by using the following equation:
OPD¼ ½ρglass  O=Mglass ð3Þ
where O is number of oxygen atoms per formula unit. The
glass transition temperature, Tg was measured using (Shimadzu
50 DTA) at heating rate 5, 10,15 and 20 C1/min.3. Results and discussion
Color of the TeO2–ZnO–Nb2O5–Gd2O3 glass samples is
yellowish and transparent as shown in Fig. 1. Fig. 2 represents
Fig. 4. Typical DTA traces of the quaternary tellurite glassTeO2–ZnO–Nb2O5–Gd2O3 for different heating rates.
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Table 2
Thermal properties of the quaternary TeO2–ZnO–Nb2O5–Gd2O3 glasses. The glass transformation temperature Tg, onset crystallization temperatures Tc,
crystallization temperatures Tp, melting temperatures Tm, glass stability range S and glass factor Kg.
Glass Rate 1C /mint Tg (K) Tx (K) Tc (K) Tm (K) S¼ (TxTg) (K) Tg/Tm Kg
TZNG1 5 690.6 759.8 810.9 981.5 69.2 0.704 0.542
10 691.1 777.5 817.8 990.5 86.4 0.698 0.594
15 691.7 801.3 834.9 981.1 109.6 0.705 0.796
20 692.3 806.6 849.9 984.1 114.3 0.703 0.887
TZNG2 5 694.6 753.5 809.9 975.4 58.9 0.712 0.696
10 694.9 760.7 833.9 976.2 65.8 0.712 0.976
15 696.9 771.5 835.2 976.0 74.6 0.714 0.982
20 702.0 787.1 842.9 975.9 85.1 0.719 1.059
TZNG3 5 695.6 780.5 803.6 973.3 84.9 0.715 0.636
10 697.2 828.5 841.6 980.6 131.3 0.711 1.038
15 699.7 785.7 863.6 974.8 86.0 0.718 1.473
20 702.4 825.6 856.9 975.8 123.2 0.719 1.299
TZNG4 5 701.3 782.1 799.6 975.7 80.8 0.719 0.558
10 702.7 794.7 822.7 1039.3 92.0 0.676 0.554
15 703.9 798.9 823.6 998.8 95.0 0.705 0.683
20 707.8 820.1 848.4 981.3 112.3 0.722 1.057
TZNG5 5 706.0 785.8 814.2 965.8 79.8 0.731 0.713
10 706.6 785.5 830.9 974.3 78.9 0.725 0.866
15 709.1 787.7 837.6 965.8 78.6 0.734 1.002
20 710.5 804.9 857.3 1046.6 94.4 0.679 0.775
TZNG6 5 702.8 787.8 812.1 942.3 85.0 0.746 0.839
10 703.0 791.0 813.0 942.6 88.0 0.746 0.848
15 703.4 791.8 824.6 936.5 88.4 0.751 1.083
20 704.3 793.6 825.3 950.0 89.3 0.741 0.970
N. Elkhoshkhany et al. / Ceramics International 40 (2014) 11985–1199411988the X-ray chart which conﬁrms the amorphous state. Table 1
collected the values of density, molar volume and oxygen
packing density of the quaternary TeO2–ZnO–Nb2O5–Gd2O3
glassy samples. The relation between density, molar volume
and oxygen packing density for glass samples vs. Gd2O3 mol%
is shown in Fig. 3. The results showed that density increased
from 5.168 to 5.788 g/cm3, oxygen packing density increased
from 70.11 to 75.54 (g atom/L), and molar volume decreased
from 30.67 to 27.80 cm3 due to increase of Gd2O3 from 0.0 to
2.5 mol%. The present values of the density are higher than
that of 65TeO2–34V2O5–1Gd2O3 mol% [14]. This change in
molar volume was due to the change in the structure caused by
the change on interatomic spacing. Also, this change could be
attributed to the change in the number of bonds per unit
volume of the glassy network and change of the stretching
force constant of the bonds inside the glassy network [15].
Fig. 4(A–F) represents the typical DTA traces for the
prepared TeO2–ZnO–Nb2O5–Gd2O3 glass systematic heating
rates 5, 10, 15, and 20 C1/min. The glass transition temperature
Tg, onset crystallization Tc, Tp peak crystallization, melting
temperatures Tm, glass stability range S, and glass factor Kg
have been recorded and calculated for every glass composition
and collected in Table 2. The glass transformation temperature,
Tg ( at heating rate 5 1C/min) increased from 690.6 to 702.8 K
due to the increase of gadolinium oxide from 0.0 to 2.5 mol%.
The glass stability range, S¼TcTg (at heating rate 5 1C/min)
was equal to 69.2, 58.9, 84.9, 80.8, 79.8, and 85.0 K and the
glass factor Kg¼{(TcTg)/(TmTc)}was equal to 0.542,
0.694, 0.636,0.558, 0.713, and 0.839 due to increase of
Gd2O3 from 0.0 to 2.5 mol%, respectively. This means thatincrease of Gd2O3 increases the devitriﬁcation tendency of the
present quaternary tellurite glasses rather than the binary
tellurite glass of the form TeO2(100x)–xAnOm; AnOm-
¼La2O3 or V2O5 [15]. Also, the ratio (Tg/Tm) was equal to
0.704, 0.712, 0.715, 0.719, 0.731, and 0.746 which satisﬁes
the “two-thirds rule” more than (Tg/Tm) [15]. Quantitatively,
the increase in the glass transition temperature ( at any heating
rate) due to the increase of gadolinium oxide from 0.0 to
2.5 mol% could be attributed to the to the increase in the
number of bond per unit volume from 8.83 to 9.74 102 cm3
as calculated and tabulated in Table 3.
For different heating rates (α), glass transition temperature,
Tg and both onset temperature of crystallization, Tc and the
crystallization peak temperature, Tp for the present tellurite
glasses are shown in Fig. 4. The dependence of Tg on the
heating rate (α) is shown in Fig. 5 by using the following
equation [16]:
Tg ¼ AþB lnðαÞ ð4Þ
where A and B are constants for a given glass composition.
Secondly, it is important to apply Kissinger's formula as shown
in Eq. 5 which has been applied for glass transition [17–19]
lnðα=T2gÞ ¼ ðEt=RTgÞþconst ð5Þ
where Et is the glass transition activation energy of crystal-
lization and R is the gas constant. Plots of ln(α/T2g) vs. (1/Tg)
for quaternary TeO2–ZnO–Nb2O5–Gd2O3 glasses indicate a
liner relation as shown in Fig. 6. The obtained values of Et are
collected in Table 3. Thirdly, the values of Et according to
T
ab
le
3
K
in
et
ic
pa
ra
m
et
er
s
of
th
e
qu
at
er
na
ry
T
eO
2
–
Z
nO
–
N
b 2
O
5
–
G
d 2
O
3
gl
as
se
s.
Sa
m
pl
e
E
t
(k
J/
m
ol
)
E
q.
(5
)
E
t
(k
J/
m
ol
)
E
q.
(6
)
n b
n
10
2
8
(c
m

3
)
E
q.
(7
)
F
(N
cm

1
)
E
q.
(9
)
n
m
E
c
(k
J/
m
ol
)
E
q.
(1
1)
E
c
(k
J/
m
ol
)
E
q.
(1
2)
E
c
(k
J/
m
ol
)
E
q.
(1
3)
T
Z
N
G
1
38
4.
6
39
6.
2
8.
83
21
4.
73
1.
36
5
1
38
6.
7
22
7.
04
25
2.
4
T
Z
N
G
2
40
8.
5
42
0.
1
8.
95
21
4.
18
0.
99
9
1
44
0.
4
21
4.
9
22
8.
6
T
Z
N
G
3
52
9.
8
51
4.
4
9.
09
21
3.
64
1.
23
1
1
45
0.
5
20
9.
98
22
7.
4
T
Z
N
G
4
48
7.
3
49
9.
1
9.
33
21
3.
09
0.
94
7
1
49
8.
1
18
6.
7
15
2.
4
T
Z
N
G
5
42
9.
6
44
1.
4
9.
42
21
2.
55
1.
65
4
1
50
3.
9
29
0.
1
31
3.
1
T
Z
N
G
6
51
2.
8
52
4.
5
9.
74
21
2.
00
1.
94
8
1
58
6.
9
48
2.
79
50
9.
3
Fig. 5. Variation of Tg vs. lnðαÞ for quaternary tellurite glass TeO2–ZnO–
Nb2O5–Gd2O3.
Fig. 6. Variation of lnðα=T2gÞ vs. (1000/Tg) for quaternary tellurite glass TeO2–
ZnO–Nb2O5–Gd2O3.
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lnðαÞ ¼ ðEt=RTgÞþconst ð6Þ
and presented in Fig. 7 which shows the relation between ln
(α) and 1/Tg for all quaternary tellurite glasses. The values of
Et are collected in Table 3. Values of the activation energy of
relaxation structure Et changed from 384.6 to 5.12.8 and
from396.2 to 524.5 eV for using Kissinger's equation (Eq. 5)
and Monynihan equation (Eq. 6). Both models conﬁrm each
other. The increase of Et due to the presence of Gd2O3 in the
network of the present glass samples could be attributed to the
creation of more bridging oxygen BO in which leads increase
energy for breaking the bonds in the glass network. This is
conﬁrmed after calculating the number of bonds per unit
volume.
Fig. 8. Variation of nb and F with Gd2O3 (mol%) for quaternary tellurite glass
TeO2–ZnO–Nb2O5–Gd2O3.Fig. 7. Variation of lnðαÞ vs. (1000/Tg) for quaternary tellurite glass TeO2–
ZnO–Nb2O5–Gd2O3.
N. Elkhoshkhany et al. / Ceramics International 40 (2014) 11985–1199411990The number of bonds per unit volume Nb of glass is given
[21] by using the following equation:
Nb ¼ nf ρNA=Mg ð7Þ
where nf is the number of network bonds per glass formula
unit, ρ is the density of the glass, NA is the Avogadro's number
and Mg is average glass molecular weight. The stretching force
constant fi and ri is the bond length of every bond present in
the glass network is calculated according to [21] by using the
following equation:.
f i ¼ 1:7=r3i ð8Þ
The bond lengths of Te–O, Zn–O, Nb–O and Gd–O have been
collected [22]. Accordingly, the average bond stretching-force
constant F for a three-dimensional poly-component oxide
glasses can be estimated using the following equation:
F ¼∑
i
xinif i=∑
i
xini ð9Þ
where xi is the mole fraction of the i-th oxide. The calculated
number of bond per unit volume nb increased from 8.83 to
9.42 1028 cm3 for75TeO2–15ZnO– 10Nb2O5 and 75TeO2–
15ZnO–7.5Nb2O5–2.5Gd2O3as collected in Table 3. While the
stretching force constant deceased from 214.73 to 213.09 N/m
as shown in Fig. 8. Previously, F and concept of average
crosslink density have been used to interpret structural and
vibrational of thermal properties of tellurite glasses success-
fully [23]. Quantitatively, the increase in transition activation
energy of crystallization Et by using Kissinger's or Moyniha's
equations could be attributed to the increase in the number of
bond per unit volume, nb rather that the average stretching
force constant.
The crystallization activation energy Ec and order of crystal-
lization n for the present prepared TeO2–ZnO–Nb2O5–Gd2O3
glass systems will be calculated by Ozawa method [24] byusing the following equation:
df ln ½ lnð1xÞg=df lnðαÞg ¼ n ð10Þ
where x is the volume fraction of the crystals precipitated in a
glass with heating rate α and n (order of crystallization) is an
integer depends on the morphology of the growth when the
nuclei start to form during DTA scanning, i.e., n is equal to 1,
2, 3 or 4. So, plotting of ln[ ln(1x)] vs. ln (α) at different
temperatures are shown in Fig. 9. The slops (n) for TeO2–
ZnO–Nb2O5–Gd2O3 glass systems are 1.365 and 1.948 for 0.0
and 2.5 Gd2O3, respectively as shown in Table 3 and values of
the m¼1 indicated that TeO2–ZnO–Nb2O5–Gd2O3 glasses
crystallize two dimensionally [18].
For non-isothermal crystallization the volume fraction of
crystals precipitated in a glass heated at a uniform heating rate
(α) is related Ec through the following equation (11) (Johnson-
Mehl-Avrami (JMA):
ln ½ lnð1xÞ ¼ n lnðαÞmE=RT ¼ n ln K0R=nE ð11Þ
where m and n are integers depending on the morphology
of growth and m was equal to 1. Fig. 10 shows plot of
ln ½ lnð1xÞ vs. 1/Tp. For evaluation of the crystallization
activation energy Ec from the variation of crystallization peak
temperature Tp with the heating rate (α), Kissinger's equation
was used as in the following equation:
lnðα=T2pÞ ¼ ðm=nÞðEc=RTpÞþconst ð12Þ
Fig. 11 shows the plot of ln(α/Tp
2) vs. 1/Tp. Also, the
crystallization activation energy Ec has been calculated accord-
ing to Ozawa [24] and Chen [18] according to the following
equation:
lnðαÞ ¼ ðm=nÞðEc=RTpÞþconst ð13Þ
The crystallization activation energy Ec for the present
glasses was in the range from 386.7 to 586.9, 227.04 to
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Fig. 9. Variation of ln( ln(1χ)) vs. ln(α) for quaternary tellurite glass TeO2–ZnO–Nb2O5–Gd2O3.
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TeO2–ZnO–Nb2O5–Gd2O3 with 0.0 and 2.5 Gd2O3 mol%
tabulated in Table 3. Fig. 12 shows the plot of ln(α) vs. 1/Tp.
All models of calculating transition activation energy of
crystallization Et by using Kissinger's, Moynihan's equations
and also crystallization activation energy Ec by Johnson-Mehl-
Avrami (JMA), Kissinger's, Ozawa and Chen conﬁrmed each
other. Both activation energies increase as Gd2O3 mol% which
could be attributed to the increase of number of bonds per unitvolume that present in the TeO2–ZnO–Nb2O5–Gd2O3 due to
increase of Gd2O3 mol% as shown in Fig. 13.
4. Conclusion
The main conclusions from the above discussions are as follows:1. Preparation of the quaternary tellurite glass systems in the
form TeO2–ZnO–Nb2O5–Gd2O3 has been achieved,
Fig. 10. The relation between ln( ln(1χ)) vs. 1000/T (K) at different heating rates for quaternary tellurite glass TeO2–ZnO–Nb2O5–Gd2O3.
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Fig. 13. Variation of the glass transition activation energy (Et) and the
crystallization activation energy (Ec) vs. Gd2O3 (mol%) for quaternary tellurite
glasses 75TeO2–15ZnO–(10x) Nb2O5–xGd2O3.
Fig. 12. Variation of lnðαÞ vs. (1000/Tp) for quaternary tellurite glassTeO2–
ZnO–Nb2O5–Gd2O3.
Fig. 11. Variation of lnðα=T2pÞ vs. (1000/Tp) for quaternary tellurite glass
TeO2–ZnO–Nb2O5–Gd2O3.
N. Elkhoshkhany et al. / Ceramics International 40 (2014) 11985–11994 119932. Density and oxygen packing density increased with increas-
ing Gd2O3 from 0.0 to 2.5 mol%, while molar volume has
opposite behavior,3. Glass transformation temperature, Tg ( at heating rate 5, 10,
15, 20 1C/min), glass stability range S and glass factor Kg
increased with Gd2O3 from 0.0 to 2.5 mol%,4. Order of crystallization n, transition activation energy of
crystallization Et and also crystallization activation energy
Ec have been increased with Gd2O3 from 0.0 to 2.5 mol%,5. Calculated number of bonds per unit volume has been
increased with Gd2O3 from 0.0 to 2.5 mol%, while average
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